Complete sequencing of 62 mitochondrial DNAs (mtDNAs) belonging (or very closely related) to haplogroup H revealed that this mtDNA haplogroup-by far the most common in Europe-is subdivided into numerous subhaplogroups, with at least 15 of them (H1-H15) identifiable by characteristic mutations. All the haplogroup H mtDNAs found in 5,743 subjects from 43 populations were then screened for diagnostic markers of subhaplogroups H1 and H3. This survey showed that both subhaplogroups display frequency peaks, centered in Iberia and surrounding areas, with distributions declining toward the northeast and southeast-a pattern extremely similar to that previously reported for mtDNA haplogroup V. Furthermore, the coalescence ages of H1 and H3 (∼11,000 years) are close to that previously reported for V. These findings have major implications for the origin of Europeans, since they attest that the Franco-Cantabrian refuge area was indeed the source of late-glacial expansions of huntergatherers that repopulated much of Central and Northern Europe from ∼15,000 years ago. This has also some implications for disease studies. For instance, the high occurrence of H1 and H3 in Iberia led us to re-evaluate the haplogroup distribution in 50 Spanish families affected by nonsyndromic sensorineural deafness due to the A1555G mutation. The survey revealed that the previously reported excess of H among these families is caused entirely by H3 and is due to a major, probably nonrecent, founder event.
lotype frequencies, giving rise to haplogroups and subhaplogroups that are often restricted to specific geographic areas and/or population groups. In Europe, with the exception of U5 and V, which most likely arose in situ, all mtDNA haplogroups (H, I, J, K, T, U2e, U3, U4, X, and W) are most likely of Middle Eastern origin and were introduced by either the protocolonization ∼45-40 thousand years ago (kya), by later arrivals in the Middle/Late Upper Paleolithic, Neolithic dispersals, or by more recent contacts (Torroni et al. 1998; Richards et al. 2000) . For some haplogroups, particularly the more common ones, multiple chronologically distinct arrivals to Europe are extremely likely. In addition, the genetic landscape of Europe has probably been further confounded by the major climatic changes that have occurred since the arrival of the first modern humans. In particular, the early Paleolithic populations of Northern and Central Europe either became extinct or retreated to the south during the Last Glacial Maximum (LGM) ∼20 kya, and there was a gradual repeopling from southern refuge areas only when climatic conditions improved, from ∼15 kya. This scenario is supported not only by recent work on archaeological dating (Housley et al. 1997; Richards 2003) but also by the phylogeographic evidence provided by mtDNA haplogroup V (Torroni et al. 1998; 2001a) and Y-chromosome haplogroups R1b and I1b2 (Semino et al. 2000; Cinnioglu et al. 2004; Rootsi et al. 2004) .
Among the mtDNA haplogroups of Europe, haplogroup H displays two unique features: an extremely wide geographic distribution and a very high frequency in most of its range. Indeed, it is by far the most prevalent haplogroup in all European populations except the Saami, is very common in North Africa and the Middle East, and retains frequencies of 5%-10% even in northern India and Central Asia, at the edges of its distribution range (Richards et al. 2002) .
Previous studies have proposed that haplogroup H (i) originated in the Middle East ∼30-25 kya; (ii) expan ded into Europe in association with a second Paleolith ic wave, possibly contemporary with the diffusion of the Gravettian technology (25-20 kya); and (iii) was strongly involved in the late-glacial expansions from iceage refugia after the LGM (Torroni et al. 1998; Richards et al. 2000) . In addition, because of its high frequency and wide distribution, haplogroup H most likely participated in all subsequent episodes of putative gene flow in western Eurasia, such as the Neolithic diffusion of agriculture from the Near East, the expansion of the Kurgan culture from southern Ukraine, and the recent events of gene flow to northern India.
As a result, it is likely that the dissection of H into subhaplogroups of younger age might reveal previously unidentified spatial frequency patterns, which in turn could be correlated to prehistoric and historical migratory events. However, until now, haplogroup H has been only partially resolved genealogically (Herrnstadt et al. 2002) allowing for the identification of 11 subclades (H1-H11) (Quintá ns et al. 2004; Loogvä li et al. 2004) , the phylogeography of which has been evaluated only in rare instances . Therefore, the objective of this study is to provide new information concerning the molecular dissection of haplogroup H and to determine whether its subhaplogroups do indeed show such spatial patterns.
To achieve this objective, the first step consisted in the complete sequencing of 62 mtDNAs performed as described by Torroni et al. (2001b) . Fifty-four of the mtDNAs that were chosen for complete sequencing harbored Ϫ7025 AluI and Ϫ14766 MseI, two well-known diagnostic RFLP markers of haplogroup H. In addition, for the choice of these mtDNAs, we also took into account the nature and extent of the sequence variation observed in a preliminary sequence analysis restricted to the control region; the objective being to include the widest possible range of haplogroup H internal variation. The remaining eight mtDNAs were chosen because the RFLP analysis and control-region sequencing had suggested that they belonged to haplogroups that were closely related to H. Thus, their complete sequences would allow the definition of the branching order of the entire superhaplogroup HV.
A tree of the 62 complete mtDNA sequences (authors' Web site; GenBank) is illustrated in figure 1 , which also incorporates information from previous studies about shared mutations in minor subbranches (Ingman et al. 2000; Finnilä et al. 2001; Herrnstadt et al. 2002 Herrnstadt et al. , 2003 Mishmar et al. 2003; Coble et al. 2004 ). The phylogeny reveals that superhaplogroup pre-HV first splits into the minor haplogroup (pre-HV)1 and the major haplogroup HV, in which pre-V, HV1, and other branches of HV are all sister haplogroups of H (Macaulay et al. 1999; Torroni et al. 2001a ).
As for the haplogroup H mtDNAs, the phylogenetic analysis confirmed a very large number of independent basal branches, some giving rise to subclades that have several basal subbranches themselves ( fig. 1 ). Among these subclades, representatives of all previously proposed subhaplogroups (H1-H11) were present. However, we noticed that subhaplogroup H9 of Loogväli et al. (2004) , is actually a subclade of H6, as attested by the control-region mutational motif of sequence S092 reported by Howell et al. (2003) . In addition, 18 of our H sequences did not fit in any of the known subhaplogroups, but 7 harbored control-region and/or codingregion mutations already seen in H mtDNAs from published and unpublished data sets, thus suggesting that those mutations might characterize additional relatively common clades. To these clades, we assigned the following novel subhaplogroup names: H9 (3591-4310-13020-16168), thus replacing the H9 proposed by Loogvä li et al. (2004); H12 (3936-14552-16287); H13 (2259-4745-13680-14872); H14 (7645-11377); and H15 (55-57-6253) . For the time being, taking into account the possibility that their mutational motifs could be very uncommon, no names were assigned to the remaining 11 H sequences shown in figure 1.
Among the 15 defined subhaplogroups of H, 2 appeared by far the most frequently in our sample; these were H1 and H3, encompassing 12 and 10 mtDNAs, respectively. This suggested that, if the high incidence of H1 and H3 was a real feature of haplogroup H and was not restricted to our selected H sample, a detailed phy-
Figure 1
Most-parsimonious tree of complete (pre-HV)1, HV*, HV1, pre-V, and H mtDNA sequences. The tree, rooted in haplogroup R, includes 62 mtDNAs (1-62) sequenced in this study and illustrates subhaplogroup affiliations. Phylogeny construction was performed by hand, following a parsimony approach, and was confirmed by use of the program Network 4.0. We have applied the reduced median algorithm ( ) (Bandelt et al. 1995) , followed by the median-joining algorithm ( ) (Bandelt et al. 1999 ) and the MP (maximum parsimony) r p 2 p 0 calculation option, as explained at the Fluxus Engineering Web site. For the phylogeny construction, half weight was assigned to the control-region positions, and the pathological mutations 1555, 3460, and 13513 (shown in italics) were excluded. Mutations are shown on the branches; they are transitions, unless the base change is explicitly indicated. Deletions are indicated by a "d" preceding the deleted nucleotides. Insertions are indicated by a "ϩ" preceding the inserted nucleotide(s). Heteroplasmy is indicated by an "h" following the nucleotide position. Underlining indicates recurrent mutations, whereas mutations in boldface are diagnostic of the haplogroup/subhaplogroup. The asterisk (*) indicates the most recent common ancestor of the H mtDNAs. This differs from the reference sequence (Andrews et al. 1999) , which belongs to H2, by mutations at the following positions: 263, 315ϩC, 750, 1438, 4769, 8860, and 15326 . The variation in number of Cs at np 309 was not included in the phylogeny (mtDNAs 1, 4, 8, 12, 15, 24, 26, 29, (31) (32) (34) (35) 37, 39, 41, (45) (46) (47) (48) 56 , and 58-62 harbored 309ϩC, whereas the mtDNAs 2-3, 5-7, 14, 17-18, 20, 42, 53 , and 57 harbored 309ϩCC). mtDNAs 2, 4-8, 10-21, 23, 25-31, 33, 35-37, 39-44, 46-47, 49, 51, and 54-62 are from Italian subjects; 9, 24, 45, 48, 50, and 52 are from Spanish subjects; 32 and 53 are from Georgian subjects; 22 and 38 are from Iraqi subjects; 1 is from a Sindhi (Pakistan); 3 is from a Druze subject; and 34 is from a Berber of Egypt. logeographic analysis focused on these two subhaplogroups could be particularly informative in revealing spatial patterns.
To evaluate this possibility, we performed a detailed molecular survey of all the H mtDNAs found in 5,743 subjects (who had signed appropriate informed consents) from 43 populations of Europe, North Africa, the Middle East, the Caucasus, and Central Asia (table 1  and fig. 2 ). The H mtDNAs were screened for the presence of the transitions G3010A and T6776C, which mark haplogroups H1 and H3, respectively. The 3010 mutation was detected as a TaqI site loss at np 3008 by use of the mismatched primer 2988FOR (5 -cgatgttggatcaggacatctc), whereas the 6776 mutation was identified as an NlaIII site gain at np 6773 by use of the mismatched primer 6807REV (5 -gtgtgtctacgtctattcctactgtaaaca).
The results of this survey are reported in table 1 and are illustrated in the spatial distribution of figure 3. Subhaplogroup H1 turned out to encompass a large proportion of H in the western part of its distribution range. It has a frequency peak among the Basques of Spain (27.8%) and very high frequencies in the rest of Iberia (17.7%-24.3%), Morocco (19.2%), and Sardinia (17.9%). The spatial pattern depicted in figure 3 appears to indicate the presence of an overall gradient for H1, with a peak centered at the most southwestern edge of Europe and in Morocco and declining frequencies towards both the northeast and southeast.
Compared to H1, subhaplogroup H3 represents a much smaller fraction of H (table 1) . However, its highest frequencies are found among the Basques of Spain (13.9%), in Galicia (8.3%), and, again, in Sardinia (8.5%)-in other words, in the same areas where H1 is also most frequent.
The frequency decline of both H1 and H3 from their peaks centered in southwestern Europe is not completely uniform, but a few intermediate local peaks are also observed. Both Austria and Estonia harbor peaks for haplogroup H1 (14.4% and 16.7%, respectively), whereas a local maximum of H3 is observed in Hungary (6.2%). Some intermediate peaks are indeed expected, as a result of random genetic drift. However, in some instances, these could also indicate a more direct genetic link of the populations living in these areas with those of southwestern Europe than with their current surrounding neighbors.
Thus, although the frequency distribution of haplogroup H overall in Europe is rather uniform ( fig. 2) , those of H1 and H3 harbor clear-cut patterns, with peaks both centered in Iberia and surrounding areas. We noted with great interest that such frequency patterns are extremely similar to that previously described for haplogroup V, an autochthonous European haplogroup, which most likely originated in the northern Iberian Peninsula or southwestern France at about the time of the Younger Dryas (Torroni et al. 1998 (Torroni et al. , 2001a Richards 2003) . The distribution of haplogroup V was attributed to a major Paleolithic/Mesolithic population expansion from southwestern Europe, which occurred 13-10 kya and eventually carried those mtDNAs into Central and Northern Europe following the postglacial improvement of the climate conditions.
To determine if the distributions of H1 and H3 could be attributed to the same phenomenon, we estimated the coalescence ages of the two subhaplogroups from the sequence data reported in figure 1 . To obtain the estimates, only the coding-region data were used, according to Mishmar et al. (2003) . When all 54 H sequences were included, the coalescence estimate for the entire haplogroup H was 18.4 ‫ע‬ 2.0 kya (table 2); a value that, taking into account that the large majority of the H mtDNAs we sequenced are from Western Europe, is in good agreement with those proposed in the past (Torroni et al. 1998; Richards et al. 2000; Loogvä li et al. 2004) . As expected, when only mtDNAs belonging to H1 and H3 were included, younger coalescence times were obtained. They were 12.8 ‫ע‬ 2.4 kya for H1, and 10.3 ‫ע‬ 2.4 kya for H3. These coalescence ages are very similar, and they become even more similar (10.8 ‫ע‬ 1.1 kya and 11.0 ‫ע‬ 1.4 kya, respectively) when the estimates are obtained by inclusion of previously published H1 and H3 sequences (table 2) . Furthermore, they overlap to the coalescence time (11.2 ‫ע‬ 2.7 kya) estimated for haplogroup V from control-region data (Torroni et al. 2001a ) and the coalescence time (12.4 ‫ע‬ 2.5 kya) that can now be estimated from the pool of the 66 available coding-region sequences belonging to V (table 2) . Then, the assumption of a common origin and spread for H1, H3, and V would give an averaged age of 11.3 ‫ע‬ 0.9 kya. This estimate would be consistent with an origin of these haplogroups, say, in the terminal Pleistocene (16-11.5 kya), with major expansion in the early Holocene (perhaps ∼10 kya, when vegetation stabilized) (Roberts 1998) .
The finding that H1 and H3 show a nonuniform geographic distribution led us to reanalyze in greater detail the mtDNAs of 50 Spanish families previously reported by Torroni et al. (1999) . These families were affected by nonsyndromic sensorineural deafness due to the mtDNA A1555G mutation in the 12S rRNA gene (MIM 561000). That study revealed an excess of affected families harboring haplogroup H (38 of 50; P p 1.3 # ). However, the A1555G mutation was the result of Ϫ5 10 30 independent mutational events among the 50 families, and the distribution of the A1555G mutational events was still compatible with a random occurrence of the mutation on different haplogroups, supporting the conclusion that mtDNA backgrounds do not play a significant role in the expression of the A1555G mutation . Having determined that H1 and H3 are two common subhaplogroups of H in Iberia, we surveyed the 50 mtDNAs from the deafness families for the presence of the H1 (G3010A) and H3 (T6776C) diagnostic markers (table 3). We found that the frequency of H1 in patients (22.0%) was virtually identical to that observed among Spanish controls (21.1%). In contrast, 15 of the affected families harbored an H3 mtDNA, corresponding to an incidence of 30.0%; a value significantly higher (P p ) than that observed in the general Spanish 6.5 # 10 population (7.3%). Essentially, the excess of haplogroup
Figure 2
Geographical locations of populations surveyed for haplogroup H (top) and its spatial frequency distribution (bottom). Frequency values for populations 1-43 are from table 1, whereas those for populations 44-63 are from the literature, as follows: 44-46 from Helgason et al. 2001; 47-49 and 53 from Richards et al. 2000 ; 50 from Richards et al. 2000 and Passarino et al. 2002; 51 from Finnilä et al. 2001; 52 from Torroni et al. 1996 and Richards et al. 2000; 54 from Baasner et al. 1998 , Lutz et al. 1998 , Pfeiffer et al. 1999 , and Richards et al. 2000 55-56 from Malyarchuk et al. 2003; and 57-63 from Quintana-Murci et al. 2004 . The frequency map was obtained using Surfer version 6.04 (Golden Software), with the Kriging procedure, and estimates at each grid node were inferred by consideration of the entire data set. a The average number of base substitutions in the mtDNA coding region (between nps 577 and 16023) from the ancestral sequence type.
b Standard error calculated from an estimate of the genealogy, in the manner of Saillard et al. (2000) .
c Estimate of the time to the most recent common ancestor of each cluster, using an evolutionary rate estimate of base substitutions per nucleotide per year Ϫ8 1.26 ‫ע‬ 0.08 # 10 in the coding region (Mishmar et al. 2003) , corresponding to 5,140 years per substitution in the whole coding region. d The sequences from this study plus the coding-region sequences from the studies by Ingman et al. (2000) , Finnilä et al. (2001) , Herrnstadt et al. (2002 Herrnstadt et al. ( , 2003 , Mishmar et al. (2003) , and Coble et al. (2004) .
H among the affected subjects is caused entirely by a marked excess of H3. Three possible explanations can be envisioned for such an observation, taking into account that population substructure could be excluded because of the rather heterogeneous geographic origin of the affected Spanish families . First, subhaplogroup H3 might increase the penetrance and/or the expressivity of the A1555G mutation, thus increasing its detection rate in subjects with an H3 mtDNA. Second, one A1555G mutation occurred on a specific H3 mtDNA, and this was later transmitted by descent through numerous generations to families that show the disease phenotype, but their members are not aware of the fact that they are maternally related to each other-a classical example of a founder event. Finally, the mtDNA background which may be modulating the expression of A1555G is not the entire subhaplogroup H3 but only a specific subset within it-for instance, a specific haplotype.
To evaluate the three alternative scenarios, we completely sequenced and included in the haplogroup H phylogeny ( fig. 1 ) three H3 mtDNAs (45, 50, and 52) harboring the A1555G mutation. The three sequences were very divergent from each other, and the only mutation that they shared was T6776C, the diagnostic marker of H3. This transition is in the cytochrome c oxidase subunit I gene, but it is synonymous and does not affect the corresponding histidine. Thus, this finding appears to exclude the first scenario, that subhaplogroup H3 might play a role in the expression of the A1555G mutation. We then checked whether there was some evidence for a founder event among the 15 H3 mtDNAs with the A1555G mutation. Nine of them harbored the RsaI site at np 8255 (T8258C) and the control-region motif 16519-93-95C , which are observed also in sequence 45 in figure 1. This motif has never been reported in H mtDNAs from Spanish controls (or, in fact, from any other European population), thus strongly supporting the validity of the second scenario, an important founder event involving a rare H3 haplotype. Furthermore, sequence 45 shows a homoplasmic transition (A15902G) in the tRNA Thr gene that we surveyed in the other eight mtDNAs with the motif 16519-93-95C; we found that none of them harbored it. This observation suggests that the founder event may not be recent, concordant with the apparent unrelatedness of the affected families.
Finally, to determine whether the haplotype shared by the nine mtDNAs could, by itself, play a role in the expression of the A1555G mutation, we analyzed in detail its shared mutations: A93G, A95C, and T8258C. The first two (93 and 95C) are located in the control region, and their association is sporadically seen in other Eurasian haplogroups but very frequently in some African haplogroups-for example, in L0a, L1c, and L2c (Alves-Silva et al. 2000; Ingman et al. 2000; Mishmar et al. 2003 )-whereas the 8258 mutation causes a phenylalanine-to-leucine amino acid change in a nonconserved position of the cytochrome c oxidase subunit II gene. Most importantly, none of them is located in the 12S rRNA gene-the gene affected by the A1555G mutation. Thus, although a role of this rare haplotype in the modulation of the A1555G expression cannot be completely ruled out, both the location and the features of the mutational motif indicate that such a possibility is extremely unlikely.
In conclusion, our analysis of complete mtDNA sequences reveals that haplogroup H, the most common haplogroup in western Eurasia, can be subdivided into numerous sister clades. Among these, two-H1 and H3-were particularly common in our sample of H sequences, suggesting that a phylogeographic study focusing on the two subhaplogroups could be particularly informative. Indeed, the survey of a wide range of western Eurasian and North African populations revealed that, in contrast to haplogroup H as a whole, which harbors a rather uniform frequency within Europe, both subhaplogroups H1 and H3 are characterized by frequency peaks centered in Iberia and surrounding areas and by declining distributions toward the northeast and southeast. This pattern is extremely similar to that previously reported for mtDNA haplogroup V. However, not only the frequency distributions of H1, H3, and V resemble each other; also, the coalescence ages of H1 and H3 are close to that of V. Thus, it is now clear that the scenario proposed to explain the age and distribution of haplogroup V can be directly transposed to subhaplogroups H1 and H3. This suggests that the FrancoCantabrian refuge area was indeed the source of lateglacial expansions of hunter-gatherers that repopulated much of Central and Northern Europe from ∼15 kya. This picture, now supported by three of the clades of the mtDNA phylogeny, is also in perfect agreement with the synthetic map of the second principal component of variation in 95 classical genetic markers (Cavalli-Sforza et al. 1994) , and the distributions of the Y-chromosome haplogroups R1b and I1b2 (Semino et al. 2000; Rootsi et al. 2004 ).
Finally, this study confirms that the molecular dissection of major mtDNA haplogroups into clades of younger ages and more restricted geographic distributions can be extremely informative. Applied extensively at the highest level of resolution-that of complete mtDNA sequencesit is likely to reveal spatial patterns attributable not only to primary colonization events and late-glacial expansions from ice-age refugia but also to Neolithic dispersals and more recent events of gene flow. Such spatial patterns, as is attested by our survey of mtDNAs harboring the deafness A1555G mutation, could also have important implications for disease studies.
